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Abstract The plasma membrane of the yeast Saccharomyces
cerevisiae possesses a non-specific cation ‘channel’, tentatively
dubbed NSC1, which is blocked by normal (mM) calcium and
other divalent metal ions, is unblocked by reduction of
extracellular free divalents below V10 WM, and is independent
of the identified potassium channel and porters in yeast, Duk1p,
Trk1p, and Trk2p. Ion currents through NSC1, observed by
means of whole-cell patch recording, have the following
characteristics: Large amplitude, often exceeding 1 nA of K+/
cell at 3200 mV, in tetraploid yeast, sufficient to double the
normal intracellular K+ concentration within 10 s; non-satura-
tion at large negative voltages; complicated activation kinetics,
in whichV50% of the total current arises nearly instantaneously
with a voltage-clamp step, while the remainder develops as two
components, with time constants of V100 ms and V1.3 s; and
voltage independence of both the activation time constants and
the associated fractional current amplitudes.
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1. Introduction
As was pointed out several years ago [1], non-selective cat-
ion (or anion) channels (NSC) carry out a broad range of
functions in nature: essential signal transduction or transmis-
sion, as in acetylcholine receptors of nerve-muscle junctions,
cyclic nucleotide-gated channels of sensory epithelia, and a
variety of mechanosensitive channels; cell-to-cell communica-
tion, as in the elaborate structures constituting gap junctions
and plasmodesmata; and substrate ¢ltering or sieving, as
through the large bacterial and mitochondrial porins.
In addition, there are a large number of functionally less
well-understood non-speci¢c channels that are explicitly acti-
vated by calcium ions; and several kinds of non-speci¢c cat-
ion channels that either are insensitive to calcium or actually
are inhibited by it. The latter are prominent in amphibian
oocytes and in the apical membranes of amphibian secretory
epithelia [2,3], and two have recently been cloned in mamma-
lian sources: in MIN6 cells (murine pancreatic L cells), and in
LMTK3 cells (murine ¢broblasts) [4,5]. In addition, a poten-
tial NSC channel has been cloned from wheat roots [6].
The present experiments, from which we have deduced the
existence of NSC channels in yeast plasma membranes, grew
partially from earlier unpublished studies on Neurospora cras-
sa, in which progressive depletion of extracellular calcium was
studied (B. Brummer and C.L. Slayman, 1984). There, reduc-
tion of [Ca2]o, by means of slow perfusion of the recording
chamber with millimolar EDTA, produced a biphasic decline
of membrane voltage: the ¢rst phase accompanied by a 5- to
10-fold reduction of current through the proton pump
(NcPMA1), and the second, by a 2- to 4-fold increase of
membrane conductance.
Although we are in the process of constructing giant-celled
strains of Saccharomyces in order to carry out comparable
studies on intact yeast, the simple measurement of membrane
currents by patch-clamping yeast protoplasts (whole-cell re-
cording mode) has proven an easier route, and has revealed
inwardly rectifying currents which are activated by calcium
removal and which are large enough (s 1 nA/cell, or 0.5^
1.0 mA/cm2 of cell surface) to make carrier-type conduction
unlikely. A preliminary report [7] of this work was given at
the Biophysical Society Meeting, February, 1998 (Kansas
City).
2. Materials and methods
Whole-cell patch recording from Saccharomyces cerevisiae was car-
ried out as described previously [8], comparing four strains of yeast:
WT (Y588: a/a/K/K ura3 ade2 ; from M. Snyder [9]) ; Trkvv (CY152/
162: a/K ura3 his4 trk1v trk2v ; from R. Gaber [10]); Pmr1v (a ade2
his3 leu2 trp1 pmr1v ; from K. Cunningham [11]); and Duk1v
(RSY80: a/K ura3 leu2 trp1 duk1v ; from R. Shafaatian and J. Reid).
To prepare protoplasts, late-log-phase cells were treated brie£y with
0.01^0.03% (w/v) zymolyase-20T in 50 mM K-phosphate bu¡er (pH
7.2) augmented with an antioxidant (0.2% L-mercaptoethanol) and an
osmoprotectant (1.2 M sorbitol). Released protoplasts were harvested
by centrifugation, then washed and stabilized in saline (220 mM KCl)
bu¡ered with Tris/MES (1^5 mM, pH 7.2) and supplemented with 10
mM CaCl2, 5 mM MgCl2 and 0.05% glucose (w/v).
Patch pipettes were pulled from Kimax-51 borosilicate glass (Kim-
ble/Kontes #38500) to a tip I.D. of V1 Wm, ¢repolished, and ¢lled
with bu¡er containing 175 mM KCl, 5 mM MgCl2, 4 mM K-ATP
and 1 mM EGTA, titrated to pH 7.0 (with KOH) and pCa 7.0 (with
CaCl2) ; total [K]pipette = 195 mM. The principal recording solutions
were made up with 1^5 mM MES, titrated to pH 7.5 with Tris-base,
and contained the following salts: High-Ca2 bu¡er : 150 mM KCl, 10
mM CaCl2, and 5 mM MgCl2 ; low-Ca2 bu¡er (0-Ca2 solution): 150
mM KCl, 1 mM EGTA.
After tight seals (15^20 Gohm) had been formed by the usual pro-
cedures [12,13], the underlying membrane patch was broken by simul-
taneous application of light suction and a brief high-voltage pulse
(V900 mV, 100 Ws). The main voltage-clamp protocol used in these
experiments was a series of 2- to 3-s voltage steps, ranging from +100
mV to 3200 mV, in 20-mV increments, as illustrated in Fig. 1A. All
records shown in Figs. 1 and 2, plus the resultant computations in
Fig. 4 and Table 1, have been corrected for the linear leak conduc-
tance associated with the patch-electrode seal. Data were recorded at
10 kHz, ¢ltered in most cases at 330 Hz, and sampled at 1 kHz.
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3. Results
3.1. Elementary description
Once stable whole-cell recording had been achieved with
yeast plasma membranes in the usual solutions (including 1^
10 mM Ca2, 100^200 mM KCl), extracellular calcium could
often be removed without losing the seals (usually assayed by
V5-mV test pulses from the holding voltage, 340 mV here).
However, voltage steps beyond +20 mV or 380 mV, demon-
strated a profound change in yeast membrane properties after
calcium removal.
Typical control and 0-Ca2 currents are compared in Fig.
1B, C. Most obviously, the small (V30 pA, at 3200 mV), and
instantaneous, inward currents invoked by hyperpolarizing
voltage steps (downward in all three panels) were replaced
or overwhelmed by multicomponent inward currents more
than an order of magnitude larger. And the normally large
outward currents (upward in Fig. 1) were often reduced by
calcium removal, though by a smaller and rather variable
factor, 2.3-fold in this case.
Under normal conditions, with millimolar [Ca2]o, outward
currents are carried nearly exclusively by a well-documented
K channel, Duk1p, present in the yeast membrane at about
100 copies/tetraploid cell [14,15]. Since Duk1p can be deacti-
vated by lowering cytosolic [Ca2], the variable reduction of
outward currents in extracellular solutions lacking calcium
could be accomplished most simply by Ca2 leakage, and
thus a variable [Ca2] decline at the inner surface of the plas-
ma membrane. The much larger increase of inward current,
however, proved to be a qualitatively new phenomenon, as is
suggested by the shapes of the current-time curves for the
larger voltage steps.
3.2. Extracellular cations supply the 0-Ca2+ inward current
In principle, the large inward currents shown in Fig. 1C
could be carried by several kinds of electrophoretic transport-
ers: channels or carriers mediating cation in£ux or anion ef-
£ux, or ion-ion coupled porters, such as the 2:1 H-Cl3 sym-
porter ¢rst demonstrated in Chara [16], or the 1:1 H-K
symporter in Neurospora [17].
Ion-coupled porter mechanisms, however, are very unlikely
for several reasons, ¢rst of all the absolute current amplitude.
Steady-state inward currents, with the plasma membrane
clamped at 3200 mV and beyond, often ranged between
1 nA/cell and 1.5 nA/cell, as shown e.g. in Fig. 3B (farther
below) for a diploid strain. With surface areas of 100 to 250
Wm2/cell, implied current densities were in the neighborhood
of 800 WA/cm2, or V5U107 ions s31 Wm32. Since saturating
turnover numbers for carrier molecules rarely exceed 1000/s,
the observed 0-Ca2 currents would imply site densities
v50 000/Wm2 in the yeast membrane. That would be at or
beyond the upper limit of packing density for carrier-sized
membrane proteins, and no granularities even approaching
it have ever been observed by freeze-fracture electron micros-
copy. Furthermore, potential ion-coupled sugar or amino-acid
transport played no role in the observed 0-Ca2 currents,
since such substrates were not added to the extracellular me-
dium. Finally, while ion-ion coupled symport entry could not
be ruled out absolutely, lowering of extracellular pH actually
reduced the 0-Ca2 currents (data not shown), whereas simple
behavior of H-coupled porters would predict enhancement
by lowered pHo.
Current amplitudes also rule out physiologic anions as pos-
sible current vectors. Even ignoring the fact that steady-state
recording from small cells by means of patch electrodes £oods
the cytosol with pipette salts, anion e¥ux equivalent to V1
nA would exhaust physiologic anions (i.e. phosphate, bicar-
bonate, succinate) within 1^2 s. And several tests replacing
chloride with sulfate as the principal pipette anion, did not
appreciably alter the 0-Ca2 inward currents.
These arguments leave only extracellular cations as possible
current vectors, and an experimental proof of that conclusion
is given in Fig. 2, from measurements on the Pmr1v strain.
(Pmr1v, though haploid ^ and therefore small ^ is easier to
patch-clamp than WT, but shows no appreciable di¡erences
from WT in plasma membrane currents, at least in short-term
experiments.) Fig. 2A again shows small inward currents
(V30 pA at 3200 mV) in high-calcium medium, while Fig.
2B shows approximately 20-fold larger currents in 0-Ca2.
Fig. 2C demonstrates the consequences of replacing extracel-
lular KCl with choline chloride, reducing the inward current
at 3200 mV to V55 pA. We assume that the 25-pA current
in excess of the control value resulted from residual extracel-
lular K, 2.3 mM (see legend).
Fig. 2D is a summary plot of the current-voltage (I-V)
curves for all three conditions, measured near the end of
each voltage step. It displays clearly both the absence of
any distinguishing e¡ect of the di¡erent conditions upon the
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Table 1
Summary of reversal voltages and permeabililty ratios for alkali-metal cations
Expt. # Trial # Test ion, X GLeak/pS VRev/mV PX/PK
1 (WT) 20 Na 150 326.2 0.44
35 K 150 r36.3 ^
41 Rb 150 36.9 0.96
49 K 150 r36.3 ^
62 Li 150 352.0 6 0.2
72 K 150 r36.3 ^
80 Cs 150 315.6 0.68
94 K 150 r36.3 ^
2 (WT) 40 K 500 r36.3 ^
51 Rb 500 311.2 0.80
68 Li 500 364.6 6 0.2
3 (Duk1v) 20 K 280 r36.3 ^
30 Cs 280 323.5 0.49
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outward currents (through Duk1p, upper right quadrant), and
the conspicuous voltage dependence of the 0-Ca2 inward
currents (lower left quadrant). Close inspection of the lower
curve (a), shows that K entry from 0-Ca2 medium is kineti-
cally complicated, since the I-V plot is neither simply expo-
nential nor substantially linear as a function of voltage.
3.3. The pathway is not very selective
Similar experiments have been carried out by replacing
150 mM bath K (KCl) with each of the other alkali-metal
cations: Li, Na, Rb, and Cs, and with NH4 . All were
conducted, in the absence of calcium, and the order of selec-
tivity based on relative slope conductances at 3200 mV
was NH4 vK
vRbsCsvNaELi, corresponding
roughly to Eisenman [18] sequence IV. The same order was
obtained with and without correction for the leakage con-
ductances, but the numerical ratios depended upon the exact
corrections assumed.
To make this systematic and quantitative, leakage conduct-
ance was calculated from the control (152.3 mM K, 0-Ca2)
I-V curve for each experiment, as the interpolated steady-state
current at EK, divided by the value of EK, where
EK =358.5Wlog(195/152.3) =36.3 mV. The resultant ohmic
line was then subtracted from the observed I-V curves during
(and also after) potassium replacement, in order to determine
the experimental reversal voltage, VRev, during ion substitu-
tion. Finally, the permeability ratio, PX/PK, was calculated
from VRev using the Goldman-Hodgkin-Katz equation, with
[K]i = 195 mM, [K]o = 2.3 mM, and [X]o = 150 mM. Perti-
nent data from several experiments are summarized in Table 1.
3.4. Conduction is independent of Duk1p, Trk1p, and Trk2p
Although the identity of the non-selective channel-like mol-
ecule responsible for these 0-Ca2 inward currents is not yet
known, some important possibilities have been ruled out ^ a
process which is particularly facilitated in yeast by full knowl-
edge of the organism’s genome sequence, coupled with ready
techniques for gene deletion. Experiments carried out on the
strains Trkvv and Duk1v demonstrated unequivocally that
neither the recognized yeast K channel nor the high- nor
medium-a⁄nity K uptake system mediates the 0-Ca2 cation
currents. The critical voltage-clamp data are shown in Fig. 3.
Duk1v, a diploid strain having both copies of the DUK1 gene
deleted, displayed no signi¢cant outward (upward) current
under standard high-Ca2 conditions (Fig. 3A; cf. Figs. 1
and 2), and only outward leakage currents corresponding to
400 pS under 0-Ca2 conditions (Fig. 3B). By contrast, the
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Fig. 1. The basic experiment to demonstrate large inward currents
through yeast plasma membrane, activated by removal of extracellu-
lar calcium. A: The standard voltage protocol (see description in
Section 2), showing superimposed voltage-clamp steps, in 20-mV in-
crements. B: Demonstration of normal currents through yeast mem-
brane in the presence of 10 mM extracellular Ca2 : outward cur-
rents (upward) conducted by the yeast K channel Duk1p; inward
currents (downward) carried by the TRK systems [8]. C: The 0-
Ca2 e¡ect, on the same cell as in panel B, but observed V5 min
after the onset of perfusion with the 0-Ca2 solution.
Fig. 2. Potassium ions conduct the 0-Ca2 inward current. A: Con-
trol experiment, with a Pmr1v cell. Same conditions and protocol
as for Fig. 1; [Ca2]o = 10 mM. B: The 0-Ca2 e¡ect, V5 min after
starting 0-Ca2 perfusion of the chamber. C: Reduction of inward
current by removal of extracellular K. Bath KCl was replaced by
choline chloride V5 min before the recording; residual
[K]bathw2.3 mM, from titrating EGTA to pH 7.5. The fall of
steady-state inward current at 3200 mV was 9-fold. D: Resultant I-
V curves: a summary comparison of steady-state inward currents
versus clamped membrane voltage, for all three conditions: [Ca2]o
high (E) or low (a, O), and [K]o high (E, a) or low (O).
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steady-state inward currents increased more than 80-fold in 0-
Ca2 conditions, to V(3)700 pA at 3200 mV, of which
V12% (80 pA) was leakage current. Very similar results
were obtained in Trkvv (also a diploid), having both copies
of the TRK1 and TRK2 genes deleted (Fig. 3C, D).
Several more genes potentially involved with the 0-Ca2
inward currents have also been ruled out by similar tests of
deletion mutants: especially FPS1, encoding the putative glyc-
erol facilitator [19], and MID1 and CCH1, which may be
cooperatively involved in channel-type calcium £ux across
the yeast plasma membrane [20,21].
3.5. Preliminary kinetic analysis points to a single system
It is evident, from inspection of Fig. 1C, Figs. 2B, and 3B,
D, that the 0-Ca2 inward currents through the yeast plasma
membrane are kinetically complicated, having a large ‘instan-
taneous’ component, which saturates in 6 5 ms, plus at least
two time-dependent components. This circumstance raises the
question of whether several distinct molecular mechanisms
may be involved, or only a single complex mechanism. That
is, should we be searching for 1, 2, or 3 genes? While the
question cannot be de¢nitively answered until the encoding
genes are actually identi¢ed, quantitative kinetic analysis of-
fers some insights.
When the time-dependent portions of the 0-Ca2 currents ^
from a large collection of data like those in Fig. 1C, Figs. 2B,
and 3B, D ^ were ¢tted as sums of two exponentials, the
extracted time constants (= 1/rate constant) scattered some-
what, but averaged 100 ms for the faster component and
1.28 s for the slower component, at least over the range
from 3100 mV to 3200 mV. That is, there was no convincing
voltage dependence of the rate constants for turn-on of the 0-
Ca2 currents. The average time constants obtained at each
test voltage are plotted in Fig. 4A, B.
Furthermore, although the amplitude of current obviously
increased steeply with voltage, as shown in Fig. 2D, the frac-
tional current associated with each component did not depend
systematically on voltage, which is demonstrated in Fig. 4C.
The overall average fractions were 0.50, 0.22, and 0.28, re-
spectively, for the instantaneous (Ao), fast (A1), and slow
(A2) components. In other words, the three components of
current could not be distinguished by voltage dependences,
either of the rate constant for opening or of the component
amplitudes at steady-state. The same result was also obtained
with the other permeant cations. While this homogeneity does
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Fig. 3. 0-Ca2 induced currents are not mediated by Duk1p, Trk1p,
or Trk2p. A: Control measurement on Duk1v, lacking the gene for
the outward recti¢er channel. Compare with upward currents in
Figs. 1 and 2. B: The 0-Ca2 e¡ect on Duk1v. Experiment similar
to those in Figs. 1C and 2B. C: Control measurement on Trkvv,
lacking genes for the two identi¢ed K uptake systems in yeast. D:
The 0-Ca2 e¡ect on Trkvv. Same general conditions and protocols
as for Figs. 1 and 2.
Fig. 4. Summary valuation of time constants and amplitudes for the
0-Ca2 induced K currents. A: Average time constant (1/k1) for
the faster component of current; overall average = 0.10 s. B: Aver-
age time constant (1/k2) for the slow current; overall average = 1.28
s. C: Fractional amplitudes for all three components. Computations
were carried out by ¢tting the equation, I(t) = A0+A1 exp(k1t)+A2
exp(k2t) to six full sets of curves, and averaging the resultant ampli-
tudes and time constants at each voltage step. The sum of ampli-
tudes, A0+A1+A2 was corrected for leakage current before ¢tting.
Scatter bars indicate þ 1 S.E.M.
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not absolutely rule out multiple molecular pathways for the 0-
Ca2 currents, it does strongly suggest that only a single type
of ion ‘channel’ is involved.
3.6. The non-speci¢c cation pathway aids yeast growth
While non-speci¢c cation channels could serve a variety of
natural functions in yeast membranes, at least in principle (see
Sections 1 and 4), most would at present be speculative. It
proved feasible, however, actually to demonstrate one kind of
synthetic function: viz. augmentation of growth under K-
limiting conditions, when the limitation was produced not
by low extracellular [K], but by defective K uptake mech-
anisms. The detailed results from one such experiment are
shown in Fig. 5.
Growth tests were run on the WT strain and on Trkvv,
lacking the two main K uptake carriers in yeast; and were
run at two extracellular free calcium concentrations: V10
mM (10 mM CaCl2 added to YPD medium) and V50 nM
(1 mM EGTA added to YPD). Under these conditions, ex-
trapolated stationary-state cell densities were approximately
the same for both strains and both values of [Ca2]o :
O.D. =V20, meaning V2U108 cells/ml. End K content of
the cells, therefore, was not altered su⁄ciently to a¡ect cell
density. Furthermore in WT cells, growth rate ^ and presum-
ably K in£ux ^ were also not appreciably a¡ected by
[Ca2]o. The speci¢c growth rate of WT (during exponential
growth, the linear portion of the semilog plots) was 0.31 h31,
corresponding to a doubling time of 2.2 h, and the data were
completely superimposable for both calcium concentrations.
For Trkvv, however, growth rate clearly was enhanced by
lowered extracellular calcium. With 10 mM Ca2 the speci¢c
growth rate was 0.12 h31 (doubling time = 5.8 h; bottom
curve in Fig. 5), and with 50 nM Ca2 it increased to
0.19 h31 (doubling time = 3.6 h). This kind of growth e¡ect
can probably be used to screen yeast for the gene encoding the
non-speci¢c cation channel.
4. Discussion
4.1. Structural nature of NSC1
The large current densities enabled by 0-Ca2 solutions in-
dicate that NSC1 functions as a channel molecule, rather than
as a carrier (cf. descriptions of Figs. 1 and 2). Preliminary
noise analysis of current recruitment following hyperpolariz-
ing voltage steps (e.g. in Fig. 1C, Figs. 2B, and 3B, D) places
a likely upper bound of 10 pS on single-channel amplitudes.
In fact, if they are approximately that ‘size’, then V10 sites/
Wm2 would admit the observed currents, a density which is too
low ^ for unlabeled molecules of modest dimensions ^ to
verify by electron microscopy.
When the gene-deletion experiments noted above are taken
into account, the small number of channel homologues iden-
ti¢able from the yeast genome sequence can be winnowed
down to four hypothetical proteins remaining to be tested:
YFL054c, YPR192w, YBR086c, and YGL176c. The ¢rst
two of these are putative water channels, and the last two
are weakly related to Na and Ca2 channels.
A more likely identity for NSC1, therefore, would be a
conventional carrier protein which is switched into a channel
mode by 0-Ca2. It has already been suggested that other
kinds of chemical stress, such as abnormal substrates, can
cause mode £ickering in the yeast cytosine transporter
[22,23], and a similar kind of event may be at work in the
mutational changes which convert yeast amino-acid and sugar
transporters ( þ H coupling) into K pathways [24,25]. The
additional implied candidate genes for NSC1 at present are
HXT1, HXT3, GAL2, BAP2, and HIP1.
4.2. Divalent ion permeability
Animal-cell systems display two general types of NSC chan-
nels with respect to the behavior of divalent cations: ‘true’
NSC channels [3], which are blocked by calcium and other
divalent metal ions, but do not conduct them; and pseudo-
NSC channels, which conduct exclusively calcium ions at
physiological [Ca2], but conduct many monovalent ions
when calcium (and other divalents) are absent [26]. We
know that the three divalent ions tested thus far: Mg2,
Ca2, and Ba2, all block K and Na currents through
the yeast NSC channel ^ although at di¡erent concentrations:
s 1 mM, s 100 WM, and s 10 WM, respectively; we do not
yet know whether any of them is itself conducted.
4.3. Relation of NSC1 to fungal physiology, and extrapolation
to algae and higher plants
Under normal conditions, K accumulation by plant and
fungal cells is a much more complicated matter than that by
animal cells. Because of their very large resting membrane
voltages (3150 to 3300 mV) and primary dependence on
proton pumping, plants and fungi can in principle use a
wide range of channels to accumulate potassium to high con-
centration ratios ^ a circumstance which has been exhaustively
debated in the literature and has now actually been experimen-
tally explored, for the AKT1 channel in Arabidopsis [27].
Under conditions of very low ambient Ca2, however,
things change drastically. Electrophysiologists have long
known that membrane voltages in algae, higher plants, and
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Fig. 5. Low extracellular [Ca2] facilitates growth of cells lacking
normal K uptake. Growth was assessed in standard rotary shaking
cultures, from inocula into YPD medium, which normally contains
V10 mM K and V0.1 mM free Ca2. E, F : Trkvv cells, deleted
of TRK1 and TRK2, encoding the yeast K carriers. a, b : WT
cells, having Trk1p and Trk2p intact. b, F : YPD supplemented
with 10 mM CaCl2. a, E : YPD supplemented with 1 mM EGTA.
Growth temperature, 27‡C.
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fungi collapse under conditions of calcium leaching [28,29]. In
fungi, at least, this is due partially to short-circuiting by a
decreased membrane resistance, and partially to metabolic
down-regulation of the proton pump (Brummer and Slayman,
unpublished experiments).
It probably also de¢nes a ‘second state’ of the plant/fungal
plasma membrane, in which transport energetics is dominated
by channel-mediated ion £uxes, rather than by ‘high-voltage’
electrophoresis. In this state the resting membrane voltage
should be ‘clamped’ near equilibrium for the predominant
monovalent cation, usually potassium. However, a high-con-
ductance non-speci¢c pathway, such as NSC1, could allow
accumulation of toxic ions from the environment. As has
been pointed out previously [6] such a mechanism might
well account for much of sodium toxicity in higher plants
and in yeast, and for the conspicuous protective e¡ect of
calcium ions. And it probably accounts, as well, for the docu-
mented ability of low-calcium media to support the (slow)
growth of substituted cation yeast, in which NH4 , Li
,
Na, Rb, Cs, or even some divalent ions can replace
most of the normal K [30,31] ; and for the fact that Neuro-
spora dumps cytoplasmic K and Na into zero-calcium
bu¡ers containing a variety of organic cations: including
e.g. Tris, triethylamine, ethanolamine, imidazole, and histidine
[32].
Acknowledgements: Supported by Research Grant 85ER-13359 from
the U.S. Department of Energy and Research Grants Be1191/4-1 from
the Deutsche Forschungsgemeinschaft and BIO4-CT97-2210 from the
European Community. H.B. was supported by a James Hudson
Brown^Alexander Brown Coxe Fellowship from Yale University.
References
[1] Siemen, D. and Hescheler, J. (1993) Nonselective Cation Chan-
nels, Birkhaºuser Verlag, Basel.
[2] Arellano, R.O., Woodward, R.M. and Miledi, R. (1995) J. Phys-
iol. 484, 593^604.
[3] Van Driessche, W., Simaels, J., Aelvort, I. and Erlij, D. (1988)
Comp. Biochem. Physiol. 90A, 693^699.
[4] Suzuki, M., Murata, M., Ikeda, M., Myoshi, T. and Imai, M.
(1998) Biochem. Biophys. Res. Commun. 242, 191^196.
[5] Fantino, E., Church, D., Bengtsson, U. and Gargus, J.J. (1997)
J. Gen. Physiol. 110, 44a.
[6] Schachtman, D.P., Kumar, R., Schroeder, J.I. and Marsh, E.L.
(1997) Proc. Natl. Acad. Sci. USA 94, 11079^11084.
[7] Bihler, H., Slayman, C.L. and Bertl, A. (1998) Biophys. J. 74,
A319.
[8] Bertl, A., Anderson, J.A., Slayman, C.L. and Gaber, R.F. (1995)
Proc. Natl. Acad. Sci. USA 92, 2701^2705.
[9] Mirzayan, C., Copeland, C.S. and Snyder, M. (1992) J. Cell Biol.
116, 1319^1332.
[10] Ko, C.H. and Gaber, R.F. (1991) Mol. Cell. Biol. 11, 4266^4273.
[11] Lapinskas, P.J., Cunningham, K.W., Liu, X.F., Fink, G.R. and
Cizewski-Culotta, V. (1995) Mol. Cell. Biol. 15, 1382^1388.
[12] Bertl, A. and Slayman, C.L. (1992) J. Exp. Biol. 172, 271^287.
[13] Hamill, O.P., Marty, A., Neher, E., Sakmann, B. and Sigworth,
F.J. (1981) P£uºgers Arch. 391, 85^100.
[14] Bertl, A., Slayman, C.L. and Gradmann, D. (1993) J. Membr.
Biol. 132, 183^199.
[15] Bertl, A., Bihler, H. and Slayman, C.L. (1997) J. Membr. Biol.
162, 67^80.
[16] Sanders, D. and Hansen, U.-P. (1981) J. Membr. Biol. 58, 139^
153.
[17] Rodriguez-Navarro, A., Blatt, M.R. and Slayman, C.L. (1986)
J. Gen. Physiol. 87, 649^674.
[18] Eisenman, G. (1967) Biophys. J. 2, (2) 259^323.
[19] Luyten, K., Albertyn, J., Skibbe, W.F., Prior, B.A., Ramos, J.,
Thevelein, J.M. and Hohmann, S. (1995) EMBO J. 14, 1360^
1371.
[20] Paidhungat, M. and Garrett, S. (1997) Mol. Cell. Biol. 17, 6339^
6347.
[21] Fischer, M., Schnell, N., Chattaway, J., Davies, P., Dixon, G.
and Sanders, D. (1997) FEBS Lett. 419, 259^262.
[22] Slayman, C.L. and Bertl, A. (1994) Symp. Soc. Exp. Biol. 48, 77^
83.
[23] Eddy, A.A., Hopkins, P. and Shaw, R. (1994) Symp. Soc. Exp.
Biol. 48, 123^139.
[24] Wright, M.B., Ramos, J., Gomez, M.J., Moulder, K., Scherrer,
M., Munson, G. and Gaber, R.F. (1997) J. Biol. Chem. 272,
13647^13652.
[25] Liang, H., Ko, C.H., Herman, T. and Gaber, R.F. (1998) Mol.
Cell. Biol. 18, 926^935.
[26] Almers, W., McCleskey, E.W. and Palade, P.T. (1984) J. Physiol.
353, 585^608.
[27] Hirsch, R.E., Lewis, B.D., Spalding, E.P. and Sussman, M.R.
(1998) Science 280, 918^921.
[28] Osterhout, W.J.V. and Hill, S.E. (1938) J. Gen. Physiol. 22, 139^
146.
[29] Dainty, J. (1962) Annu. Rev. Pl. Physiol. 13, 379^402.
[30] Conway, E.J. and Breen, J. (1945) Biochem. J. 39, 368^371.
[31] Conway, E.J. and Ga¡ney, H.M. (1966) Biochem. J. 101, 385^
391.
[32] Slayman, C.L. and Slayman, C.W. (1968) J. Gen. Physiol. 52,
424^443.
FEBS 20595 30-7-98
H. Bihler et al./FEBS Letters 432 (1998) 59^6464
